Résumé. 2014 Above a critical pulling speed, for a given temperature gradient and solute concentration, the interface, initially planar, breaks down into a periodic cellular pattern. The bifurcation from a planar to a cellular solidification front is sub-critical. The critical pulling speed is strongly dependent on the thickness of the sample : the problem cannot be considered two-dimensional. We have also measured wavelengths at, and above the threshold and examined response times. These results are compared to existing theoretical predictions.
Introduction.
The existence of morphological instabilities [1] deforming the solid-liquid interface of directionally solidified dilute binary alloys is a phenomenon well known to metallurgists [2] . Samples are pulled at a certain velocity V in a fixed temperature gradient G and are thus progressively solidified. If the equilibrium concentration of the solute is different in the liquid and in the solid, an excess (in the case of the compounds studied here) or a lack of solute builds up in front of the moving interface and must be evacuated to allow solidification to progress. Above a threshold pulling speed, for given temperature gradient and concentration, the interface becomes unstable and breaks down into a regular, periodic pattern ( Fig. 1) .
Metallic alloys, because of their opacity, are not the most practical systems on which to study the behaviour of such instabilities : samples have to be quenched or decanted to allow the observation of a solid-liquid interface which may be affected by this treatment. The study of thin samples of transparent organic compounds, first suggested by Jackson and Hunt [3] A -50 JLm).
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphys:0198600470120209500 compounds, in general plastic crystals, present a rough interface which does not facet, and in that respect they behave like metals. The most frequently studied are tetrabromomethane CBr4 and succinonitrile (CH2CN ) 2. In the present study we have tried to pinpoint the various factors which affect first the onset of cellular instabilities, then the periodicity of the resulting pattern of interface deformation, in thin (5-150 pm) samples. Most of the experiments were performed with CBr4, but the results were generally checked with succinonitrile, both compounds being used as supplied. Impurity concentrations were therefore fixed, pulling speeds, temperature gradient, and sample thicknesses were varied. We did not consider the problem of dendrite formation during directional solidification, extensively studied in transparent organic materials [4] [5] [6] . This phenomenon takes place well above the threshold at which morphological instabilities first appear (above about 10 times the threshold pulling speed, for a given temperature gradient and impurity concentration). On the contrary, most of the work described here was done to gain better knowledge of the behaviour of the system at, or near, the threshold.
Theory.
A number of authors have attempted to give a dynamical description of the phenomena occuring during directional solidification of dilute binary alloys in thin samples, when the system is definitely out of equilibrium. The linear stability of the planar solution for the solid-liquid interface was originally studied by Mullins and Sekerka [7] in 1964. They described the balance between the destabilizing effect of the accumulation of solute in front of the solid-liquid interface and the stabilizing effects of the temperature gradient and of the surface tension. Wollkind and Segel [8] reformulated this analysis and went beyond, giving a non-linear stability analysis using perturbation methods valid only close to the threshold. Caroli, Caroli and Roulet [9] [8] and [9] . Under the present experimental conditions (low velocity, a partition coefficient k 0.45 and a temperature distribution decoupled from the instability because it is imposed from the outside by the glass cell [25] Glicksman [4] . Table I gives data concerning CBr4. We use the compound as provided by Fluka, [22] :
The second term is due to the thermal response of the glass cell and is expected to be preponderant at higher pulling speeds. To explain this, the cell can be considered as a heat conducting bar moving at velocity V across the two heat reservoirs (Fig. 3a) . In the laboratory frame, the temperature 7y at z satisfies, in the stationary state, the equation :
where DG is the thermal diffusivity of glass. With Ty(O) = T, and Ty(L) = T2, the solution is : Fig. 3. -a) Schematic representation of the cell moving at velocity V across the heat reservoirs. Tl &#x3E; T M &#x3E; T2; b) Temperature profiles for V = 0 and V &#x3E; 0.
i.e. the temperature profile is no longer linear as it is when V = 0 (Fig. 3b) (Fig. 2) We have drawn on the same figure the neutral stability curve deduced from the linear analysis described above [7, 9] . Periodic deformations of wavelengths within the band delimited by the curve will not a priori relax, whereas those outside the band will, but no clear selection mechanism within the band has been described theoretically. Experimentally a wavelength is selected, to within a few tens of percent (the shaded area on the curve shows the maximum experimental dispersion). The [16, 20] .
The wavelength easily adjusts by birth or death of cells (Fig. 6) in a manner very similar to that found numerically by Kerszberg [15] .
Above the threshold A varies roughly as V-'/2
(we find a functional dependence of V -o-' ± 0. 1). This dependence is consistent with predictions by Karma [21] . We find u -5 -6 X 10-3; Karma predicts at = 3.1 x 10-2 (symetric model, k = 1). Experimentally, a , monotonous decrease in À ( V ) as V-1/2 or V-1/4 has often been reported in literature, generally for three-dimensional metal alloy samples (see reviews by Hunt [29] and Klaren et al. [30] [30, 32] to G-1 in Al alloys [33] (see Ref. [29] and [30] for a review of literature). According to Mason et We believe that the solid-liquid meniscus is the cause of this strong dependence of the critical pulling speed on the sample thickness. As drawn in figure 8 , the interface is curved to assure mechanical equilibrium at the point of contact with the glass. The contact angle depends on the pulling speed because the solute distribution along the interface varies. The shape of the interface adjusts to assure local thermodynamic equilibrium (Gibbs-Thomson relation ; see Ref. [7, 8 or 9] ). The meniscus is not easily visible in a true sample, but figure 9 shows the one formed by the solid-liquid interface of succinonitrile on the side of an optical cell (on a polished glass surface). The meniscus affects a distance of about 50 tL which is of the order of the sample thickness range over which the threshold pulling speed is seen to vary.
The presence of the meniscus, which deforms the interface in a manner that depends on the pulling speed, should have an effect similar to that of grain boundaries described by Voorhees et al. [28] and by Ungar and Brown [18] [38] for dentritic growth in very thin (5 J.Lm) samples.
Because of this dependence of the critical pulling speed on the sample thickness, one must be cautious in comparing with the value given by the « constitutional supercooling criterion » (Eq. (1)). The relation is expected to apply to thick samples for which the effect of the meniscus is weak. It is for this reason that we used the value of V+c at which V+c (e) levels off to calculate DL and that we drew figure 5 for samples with thicknesses in the plateau region.
Note that the wavelength of the cellular deformation of the solidification front gives the length scale to which the thickness of the sample should be compared. Since the wavelength varies with the pulling speed, a sample is « thick » or « thin » depending on the speed at which it is being pulled. In the calculation performed by Caroli et al. [37] of the effect of the sample thickness on the critical pulling speed, ÀMs is the scale which' appears. In fact the experimentally observed value Àc is probably the appropriate scale. For example the curve of V' versus e given in figure 7a intersects the curve of A versus V (given in a log-log diagram in Fig. 5 
